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Summary 
 
Celsian is a promising matrix material for fiber-reinforced composites for high temperature structural 

applications. Processing and fabrication of small diameter multifilament silicon carbide tow reinforced 
celsian matrix composites are described. Mechanical and microstructural properties of these composites at 
ambient and elevated temperatures are presented. Effects of high-temperature exposures in air on the 
mechanical behavior of these composites are also given. The composites show mechanical integrity up to 
~1100 °C but degrade at higher temperatures in oxidizing atmospheres. A model has been proposed for 
the degradation of these composites in oxidizing atmospheres at high temperatures.  

 
 

1. Introduction 
 
Fiber-reinforced ceramic matrix composites are being developed for high-temperature structural 

applications in aerospace, energy conservation, power generation, nuclear, petrochemical, and other 
industries. Glasses and glass-ceramics of various compositions (refs. 1 and 2) are being investigated as matrix 
materials for fiber-reinforced composites. Maximum use temperatures of these matrices in composite form 
are compared in table 1. Barium aluminosilicate (BAS) glass-ceramic having monoclinic celsian, BaAl2Si2O8, 
as the crystalline phase appears to be the most refractory with a projected maximum use temperature of 
~1590 °C and a melting point of 1760 °C. Celsian shows excellent resistance towards oxidation and 
reduction, has good thermal shock resistance because of its low thermal expansion coefficient, and does not 
undergo any phase transformation up to ~1590 °C. It also shows reasonably good resistance against alkali 
attack. It is chemically compatible with various reinforcement materials such as SiC, Si3N4, Al2O3, and 
mullite. It shows thermally stable microwave dielectric properties which makes it useful for applications in 
electromagnetic windows and radomes, microelectronic packaging, and high voltage condensers. Also it is 
highly effective (refs. 3 and 4) as an environmental barrier coating (EBC) for the protection of SiCf/SiC 
combustor liner in the harsh atmosphere of turbine engines. Therefore, celsian is an attractive matrix material 
for fiber-reinforced composites for applications as high temperature structural materials in hot sections of gas 
turbine engines. Celsian composites reinforced with small diameter multifilament tow SiC fibers are 
described here. Processing and properties of large CVD SiC filament reinforced celsian matrix composites 
are reported elsewhere (refs. 5 to 11). 
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Table 1.�Glass and glass-ceramic matrices of interest for fiber-reinforced composites (refs. 1 and 2) 
Matrix  
type 

Major  
constituents 

Minor  
constituents 

Major  
crystalline  

phases 

Maximum use temperature 
in composite form, °C 

Glassesa  
  7740 Borosilicate 
  1723 Aluminosilicate 
  7930 High silica 

 
B2O3, SiO2 

Al2O3, MgO, CaO, SiO2 
SiO2 

 
Na2O, Al2O3 
B2O3, BaO 

B2O3 

 
-- 
-- 
-- 

 
600 
700 
1150 

Glass-ceramics 
  LAS�I 
  LAS�II 
  LAS�III 
  MAS 
  BMAS 
  Ternary mullite 
  Celsian 

 
Li2O, Al2O3, MgO, SiO2, 

Li2O, Al2O3, MgO, SiO2, Nb2O5 
Li2O, Al2O3, MgO, SiO2, Nb2O5 

MgO, Al2O3, SiO2 
BaO, MgO, Al2O3, SiO2 

BaO, Al2O3, SiO2 
BaO, Al2O3, SiO2 

 
ZnO, ZrO2, BaO 
ZnO, ZrO2, BaO 

ZrO2 
BaO 

-- 
-- 
-- 

 
β-spodumene 
β-spodumene 
β-spodumene 

Cordierite 
Barium osumilite 

Mullite 
Celsian 

 
1000 
1100 
1200 
1200 
1250 

~1500 
~1600 

a7740, 1723, and 7930 are Corning Glass Works designations 
 

 
2. Polymorphs and Crystal Structure of Celsian 

 
Celsian (monoclinic space group I2/c) can exist in three different forms: monoclinic, hexagonal and 

orthorhombic. Hexacelsian (space group P6/mmm) is the high temperature polymorph and is 
thermodynamically stable above 1590 °C, but once formed can metastably exist in the entire temperature 
range down to room temperature (fig. 1) (refs. 12 and 13). The kinetics of transformation of hexacelsian into 
monoclinic celsian is very sluggish (ref. 14). Hexacelsian shows a large thermal expansion coefficient of  
~8.0×10�6/°C and undergoes a rapid, reversible structural transformation into the orthorhombic form at  
~300 °C, accompanied by a large volume change of ~3 percent. In the presence of hexacelsian, thermal 
cycling of the composite would result in microcracking of the BAS matrix. Obviously, if BAS is to be 
successfully used as a matrix material for fiber reinforced composites, the processing conditions need to be 
designed to completely eliminate the undesirable hexacelsian phase.  

The crystal structure of hexacelsian (figs. 2 and 3(a)) (ref. 15) contains infinite two-dimensional 
hexagonal sheets, consisting of two layers of silica tetrahedral sharing all four vertices with substitution of  
Al for Si and charge compensation by Ba between the sheets. It has been suggested (ref. 16) that the 
transformation at 300 ºC between orthorhombic and hexagonal forms of hexacelsian involves rotation of 
these sheets with respect to each other. However, according to Takeuchi (ref. 16), no significant differences 
are observed between the powder XRD patterns of the orthorhombic and hexagonal forms of hexacelsian 
except peak shifts owing to lattice expansion, indicating similar fundamental frameworks of both structures.  

The celsian structure (fig. 3(b)) (ref. 17) is similar to the feldspar structure in which all four vertices of the 
silica tetrahedral are shared, forming a three-dimensional network. As in hexacelsian, Al substitutes for Si with 
charge compensation by Ba in the larger interstices of the structure. Gay (ref. 18) and Newnham and Megaw 
(ref. 17) considered the formation of a superlattice in celsian associated with ordering of the Al-Si atoms.  

In celsian crystal structure (ref. 19) the Al and Si atoms are statistically distributed over tetrahedral sites, 
so that each Al tetrahedron is surrounded by four predominantly Si tetrahedral and vice versa. The feature of 
the hexacelsian structure, however, is the presence of (Al,Si)O4 tetrahedra which share three corners so that a 
hexagonal sheet results with the remaining apices pointing in the same direction. Two of these sheets share 
their apical oxygens, forming a double tetrahedral sheet (fig. 3(a)). Ba atoms occupy positions between the 
double sheets with twelve equidistant oxygen neighbors. In celsian, Ba ion has an irregular configuration, so 
that it has ten oxygen neighbors at several Ba-O distances. Consequently, to transform hexacelsian to celsian 
would require creation of a three-dimensional network from the two-dimensional sheet structure of 
hexacelsian as well as rearrangement of the Ba sites. This would entail breaking and reforming of Al-O and 
Si-O bonds. Some of the physical, mechanical and thermal properties of celsian are given in table 2  
(refs. 20 to 22). 
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Table 2.�Properties of celsian 

Property Temperature Value 
Melting point, °C -- 1760 
Density, g/cm�3 RT 3.39 (monoclinic celsian) 

3.26 (hexacelsian) 
CTE, °C�1 20  to 1000 °C 

300 to 1000 °C 
2.29×10�6 (monoclinic celsian) 

8×10�6 (hexacelsian) 
Flexure modulus, GPa RT 

538 °C 
815 °C 

1093 °C 

100 ± 7 
102 ± 14 
94 ± 8 
87 ± 6 

Poisson�s ratio RT 0.32 
Flexure (4-point) strength, MPa RT 

500 °C 
750 °C 

1000 °C 
1200 °C 
1350 °C 

115 ± 15 
120 ± 5 
100 ± 10 
60 ± 5 
25 ± 5 
25 ± 5 

Fracture toughness, MPa/m1/2  RT 1.56 
Thermal diffusivity, cm2s�1 RT 0.0114 
Heat capacity, Jg�1K�1 RT 

260 °C 
538 °C 
815 °C 

1093 °C 
1372 °C 

0.84 
0.79 
0.88 
0.88 
0.94 
1.02 

Thermal conductivity, Wm�1K�1 RT 
500 °C 

1000 °C 
1400 °C 

3.25 
3.1 
3.0 
2.9 
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3. Formation of Monoclinic Celsian 
 
On heat treatment, both hexacelsian and monoclinic celsian phases crystallize in BAS glass (refs. 23 to 

25). Also, hot pressing of barium aluminosilicate (BAS) glass or its composites reinforced with large 
diameter silicon carbide SCS-6 monofilaments or small diameter multifilament Nicalon or Hi-Nicalon fibers 
resulted in the crystallization of both hexacelsian and monoclinic celsian phases (ref. 12). On doping BAS 
with 5 wt.% monoclinic celsian seeds or 10 wt.% strontium aluminosilicate (SAS), only the celsian phase 
was formed in hot pressed monolithic specimens. However, in fiber-reinforced composites hot pressed under 
similar conditions, a small concentration of hexacelsian was still present as hexacelsian nucleates 
preferentially on the surface and the presence of fibers provides a large surface area. When the additive 
concentration increased to 10 wt.% celsian seeds or 20 wt.% SAS, celsian was the only phase detected from 
x-ray diffraction, with complete elimination of hexacelsian, in the hot pressed composites reinforced with SiC 
fibers. Hence BAS with 20 to 25 percent of SAS was used as the matrix for fiber-reinforced composites.  

 
 

4. CMC Processing 
 
Ceramic grade Nicalon or Hi-Nicalon fiber tows were used as the reinforcement. Fibers having a dual 

surface layer of BN overcoated with SiC were used. BN acts as a weak, crack deflecting, compliant layer, 
while the SiC overcoat acts as a barrier to diffusion of boron from BN into the oxide matrix and also prevents 
diffusion of matrix elements into the fiber.  

The matrix of 0.75BaO-0.25SrO-Al2O3-2SiO2 (BSAS) composition was synthesized (ref. 20) by a solid-
state reaction method from BaCO3, SrCO3, Al2O3, and SiO2 powders. The mixed powder was calcined at 
~900 to 910 °C for decomposition of the carbonates. The resulting powder consisted of mainly SiO2  
(α-quartz) and BaAl2O4 phases with small amounts of Ba2SiO4, α-Al2O3, and Ba2Sr2Al2O7 also present. This 
powder was made into slurry by dispersing it in methyl ethyl ketone along with organic additives as binder, 
surfactant, deflocculant and plasticizer followed by ball milling. BSAS glass powder, custom melted by an 
outside vendor, was also used as precursor to celsian matrix in the fabrication of some composite panels. 

Schematic of the set-up used for fabrication of FRC by matrix slurry infiltration is shown in figure 4  
(ref. 26). The fiber tows are impregnated with the matrix precursor by passing it through the slurry. Excess 
slurry is squeezed out of the fiber tow before winding it on a rotating drum. After drying, the prepreg tape is 
cut to size, stacked up in desired orientation, and warm pressed resulting in a �green� composite. The fugitive 

organics are slowly burned out of the 
sample in air followed by hot pressing in 
a graphite die resulting in almost fully 
dense composite.  

X-ray diffraction (fig. 5) from the 
surface of a hot pressed composite panel 
(ref. 27) showed only the desired 
monoclinic celsian. This indicates that 
the mixed oxide precursor is converted in 
situ into the monoclinic celsian phase 
during hot pressing of the FRC. The 
undesired hexacelsian phase was not 
detected from XRD. However, a small 
amount of hexacelsian was detected by 
Raman micro-spectroscopy (ref. 28). The 
hot pressed composite panel was surface 
polished and sliced into test bars for 
mechanical testing.  
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Table 3.�Mechanical properties* of 0/90º Nicalon/BN/SiC/BSAS composites at  
various temperatures in air, Vf = 0.38 to 0.40 

Temperature, 
ºC 

Yield stress, σy 
MPa 

Modulus, Ec 
GPa 

Ultimate strength, σu 
MPa 

Failure strain, 
percent 

25 75 ± 1 92 ± 1 289 ± 9 0.43 ± 0.01 
550 85 ± 1 88 ± 5 282 ± 21 0.45 ± 0.04 
1100 60 ± 15 80 ± 6 208 ± 1 0.34 ± 0.01 
1200 44 ± 5 63 ± 3 187 ± 20 0.39 ± 0.03 
1300 32 ± 8 54 ± 3 180 ± 45 0.55 ± 0.10 

*Measured in 4-point flexure  
 

 
5. Nicalon/Celsian Composites 

 
5.1 Flexure Strength 

 
Flexure strength was measured in four-point bending using an upper span of 0.75 in. and a lower span 

of 2.5 in. Flexural properties (refs. 29 to 31) of 0/90° cross-ply Nicalon/BN/SiC/BSAS composites, 
containing 38 to 40 volume percent of fibers, at various temperatures in air are shown in table 3. 

 
 

5.2 Effects of High-Temperature Annealing in Air 
 
Thermal-oxidative stability of Nicalon/BN/SiC/BSAS composites has also been investigated (refs. 29 

to 31). The 0/90° cross-ply composites, containing ~40 volume percent of fibers were heat treated in air 
for 100 to 500 hr. at various temperatures between ~550 °C to ~1300 °C. Glass formation was observed 
on the surface of specimens annealed at or above 1100 °C. The specimens exposed at ~1200 °C and 
~1300 °C were so severely covered with glass, along with the presence of some gas bubbles, that these 
could not be further tested. The residual flexural strengths of the composites after air-annealing are shown 
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in figure 6. The sample annealed at ~550 °C showed 40 percent drop in room temperature strength. This 
could be due to oxidation of the carbon layer (formed in situ during composite processing) at the fiber-
matrix interface where the temperature is too low for any residual glassy phase to flow and provide 
oxidation resistance. However, the specimen exposed at ~1100 °C retained 90 percent of the baseline 
strength. At this temperature, the residual glassy phase is less viscous, as seen by gas bubble formation, 
and may have resulted in the protection of the carbon interface layer from oxidation. 

 
 

5.3 Tensile Strength 
 
Tensile testing was carried out in air at a displacement rate of 0.02 in./minute. Tensile properties of 

0/90° cross-ply Nicalon/BN/SiC/BSAS composites, containing 38 to 40 volume percent of fibers, at 
various temperatures are shown (refs. 29 to 31) in table 4. Above ~1100 °C, ultimate strength and the 
proportional limit fall off fairly rapidly, while modulus decreased by ~40 percent from ambient 
temperature to ~1300 °C. Nicalon fiber is known to degrade at ~1200 °C and degradation rate increases 
with increase in temperature. Presence of residual glassy phase in the matrix would account for the 
observed decrease in modulus and increase in failure strain at elevated test temperatures. 

Effect of test rate on ultimate tensile strength for 0/90° Nicalon/BSAS composite at 1100 °C in air has 
also been investigated (ref. 32). Results in figure 7 exhibit a significant dependency of ultimate strength 
on test rate. The ultimate strength decreased with decreasing test rate, similar to the behavior observed in 
many advanced monolithic ceramics (or brittle materials including glass and glass ceramics) at ambient or 
elevated temperature. The strength degradation with decreasing stress rate in brittle materials is known to 
occur by slow crack growth (delayed failure or fatigue) of an initial crack, and is expressed as: 

 

 D
nf loglog

1

1
log +σ

+
=σ &   (1) 

 
where n and D are slow crack growth (SCG) parameters, and σf (MPa) and σ& (MPa/s) are strength and 
stress rate, respectively. These results suggest that care must be exercised when characterizing elevated-
temperature ultimate strength of composite materials. This is due to that fact that high-temperature 
ultimate strength has a relative meaning if a material exhibits rate dependency: the strength simply 
depends on which test rate one chooses. Therefore, at least two test rates (high and low) are recommended 
to better characterize the high-temperature ultimate strength behavior of a composite material. 
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Table 4.�Tensile properties of 0/90º Nicalon/BN/SiC/BSAS composites at  
various temperatures in air, Vf = 0.38 to 0.40 

Temperature, 
ºC 

Yield stress, σy 
MPa 

Modulus, Ec 
GPa 

Ultimate strength, σu 
MPa 

Failure strain, 
percent 

25 75 ± 1 97 ± 12 178 ± 28 0.43 ± 0.09 
550 63 ± 1 87 196 0.64 
1100 63 ± 6 71 ± 9 162 ± 16 0.41 ± 0.06 
1200 32 ± 9 63 ± 3 112 ± 12 0.50 ± 0.08 
1300 29 ± 2 53 ± 3 153 ± 3 0.63 ± 0.06 

 
 

Table 5.�Interlaminar shear properties of 0/90º  
Nicalon/BN/SiC/BSAS composites at  

various temperatures in air, Vf = 0.38 to 0.40 
Temperature, 

ºC 
Interlaminar shear stress,* 

MPa 
Failure 
mode 

25 17 ± 2 Shear 
1100 10 ± 3 Shear 
1200 7 ± 1 Shear 
1300 6 ± 1 Shear 
*Average of three samples 

 
 

 
 
 

5.4 Shear Strength 
 
Interlaminar shear testing was carried out using the short beam shear technique in 3-point bending at 

a displacement rate of 0.02 in./minute from room temperature to ~1300 ºC. Results of the interlaminar 
shear strength (ref. 31) for the 0/90° cross-ply Nicalon/BN/SiC/BSAS composites, containing 38 to  
40 volume percent of fibers are given in table 5. The failure mode for all the test specimens was shear.  
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5.5 Tensile Stress-Rupture Strength 
 
To determine if the composite would provide stress oxidative stability after the matrix is 

microcracked, stepped stress-rupture tests were carried out. The 0/90º cross-ply Nicalon/BN/SiC/BSAS 
composites, containing ~40 volume percent of fibers, were tested in standard dead weight creep machines 
at 1100 and 1200 ºC in air. No testing was done at 1300 ºC because of the presence of residual glass in the 
matrix. Tests were started at stress level near the proportional limit. Approximately every 50 hours, the 
stress was increased by 2 ksi (~14 MPa) until the sample failed. The results (ref. 31) are shown in  
figure 8. The composite survived to a stress level of ~60 percent of its ultimate tensile strength. 
Examination of the fracture surface of the specimen tested at ~1100 ºC/10 ksi (~70 MPa) for 8 hr. 
revealed some embrittlement.  

Results of constant stress (stress-rupture) testing for 0/90º Nicalon/BSAS (for two different batches 
�A� and �B�) at 1100 ºC in air are presented (ref. 32) in figure 9, where time to failure is plotted against 
applied stress in log-log scales. A decrease in time to failure with increasing applied stress, which 
represents a susceptibility to damage accumulation or delayed failure, is evident for the composite. The 
mode of fracture in constant stress testing was similar to that in constant stress-rate testing showing some 
fiber pullout with jagged matrix cracking through the specimen-thickness direction.  
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6. Hi-Nicalon/Celsian Composites 
 
SEM micrographs taken from the polished cross-sections of the uncoated and BN/SiC coated Hi-Nicalon 

fiber-reinforced BSAS composites are shown in figure 10. A large variation in fiber diameter within a tow 
can be seen although the manufacturer reports an average diameter of 14 µm. Uniform fiber distribution, 
good matrix infiltration within the fiber tow, and high composite density is evident. Occasional pores and 
second matrix phase, appearing as the bright phase, can also be seen. The amount of this second phase must 
be small, as it was not detected by XRD. This phase has been tentatively identified (ref. 33) as �hyalophane� 
[(Ba,Sr)AlSi3O8] which is richer in Si and deficient in Al than celsian. The BN coating which is the dark layer 
is adherent to the fiber, but the SiC coating tends to debond at the BN/SiC interface probably during 
composite processing. 

TEM micrograph from the Hi-Nicalon/BN/SiC/BSAS composite (ref. 26) is shown in figure 11(a). Four 
distinct layers are seen in the BN coating. The SiC coating was often found to be missing from the BN/matrix 
interface but was intact in this particular case. Another TEM micrograph (ref. 26) is shown in figure 11(b). 
The fiber/BN interface and the innermost layer of BN are unchanged. BN has coarsened from outside 
inwards during composite processing. From EDS, no obvious chemical changes were observed in the BN 
coating. SiC layer was not affected.  

 
 

6.1 Flexure Strength 
 
Typical stress-strain curves, recorded in 3-point flexure, for the uncoated and BN/SiC coated fiber-

reinforced composites (refs. 33 to 34) are shown in figure 12. Also shown for comparison is the stress-strain 
curve for a hot pressed BSAS monolith. The monolith shows bend strength of 130 MPa, modulus of 98 GPa 
and fails in brittle mode, as expected. The uncoated fiber-reinforced CMC shows a monolithic-like failure 
with strength of ~200 MPa and failure strain of ~0.1 percent. This shows that reinforcement of BSAS matrix 
with uncoated Hi-Nicalon fibers does not yield a strong or tough material. This may indicate a strong bond 
between the uncoated fibers and the matrix. However, fiber push-in and push-out tests (refs. 33 and 35) 
indicated a weak fiber-matrix interface in these CMCs. Low strength of these CMCs was found to be due to 
mechanical damage (refs. 33 and 35) to the fiber surface during hot pressing as no compliant layer (such as 
BN) was present. In contrast, the BN/SiC coated fiber-reinforced CMC shows graceful failure. The first 
matrix cracking stress was ~400 MPa and ultimate strength greater than 800 MPa. This shows that 
reinforcement of BSAS matrix with BN/SiC coated Hi-Nicalon fiber results in a strong and tough composite.  
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Table 6.�Tensile properties of unidirectional Hi-Nicalon/BN/SiC/BSAS composites at  
various temperatures in air, Vf = 0.30 

Temperature, 
ºC 

Modulus, Ec 
GPa 

Yield stress, σy 
MPa 

Yield strain, 
percent 

Ultimate strength, σu 
MPa 

Failure strain, 
percent 

25 154 ± 2 97 ± 15 0.064 ± 0.09 589 ± 15 0.45 ± 0.01 
800 132 ± 3 68 ± 6 0.052 ± 0.06 448 ± 4 0.41 ± 0.03 
1000 106 ± 3 70 ± 7 0.064 ± 0.0 9 480 ± 25 0.40 
1100 91 ± 3 92 ± 6 0.10 ± 0.005 400 ± 2 0.47 ± 0.05 
1200 73 ± 5 99 ± 40 0.074 370 ± 12 -- 

 
 

6.2 Tensile Strength 
 
Tensile properties of unidirectional BN/SiC coated Hi-Nicalon fiber reinforced celsian matrix 

composites (refs. 36 and 37) from room temperature to 1200 ºC in air are shown in table 6. The value of 
Young�s modulus decreased with increase in test temperature indicating the presence of glassy phase in 
the matrix. The yield stress decreased from room temperature to 800 ºC followed by a slight increase to 
1200 ºC. Ultimate strength decreased with temperature. SEM micrographs of the fracture surfaces of the 
composite specimens after tensile tests showed extensive fiber pullout. Fracture surfaces of samples tested 
at 1000 ºC or higher showed the presence of pores in the matrix which were more predominant in the 
1200 ºC tested specimen. This may be due to oxidation of the Hi-Nicalon fibers producing a gaseous 
product and also oxidation of the BN coating producing a low melting glassy phase that is partially blown 
out of the interior of the composite by the escaping gases.  

Effect of test rate on ultimate tensile strength of 0/90º Hi-Nicalon/BSAS composite at 1100 ºC in air 
has also been investigated (ref. 32). Results in figure 7 exhibit a significant dependency of ultimate 
strength on test rate. The ultimate strength decreased with decreasing test rate, similar to the behavior 
observed in many advanced monolithic ceramics (or brittle materials including glass and glass ceramics) 
at ambient or elevated temperature.  
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6.3 Shear Strength 
 
In-plane and interlaminar shear strength of composites have been measured by the double-notch shear 

test method at a displacement rate of 2×10�3 mm/s. Results for a unidirectional Hi-Nicalon/BN/SiC/BSAS 
composite containing 42 volume percent of fibers from room temperature to 1200 ºC are shown (refs. 38 
and 39) in figure 13. The interlaminar shear strength is lower than the in-plane shear strength at all 
temperatures. A rapid decrease in strength with temperature is probably due to softening of the residual 
glassy phase in the matrix.  

Test rate dependence of interlaminar and in-plane shear strengths of CMC have also been investigated 
(refs. 40 and 41) using double notch shear (DNS) test specimens. Typical load versus time curves for two 
different test rates are shown in figure 14. The effects of test rate on shear strengths of a unidirectional  
Hi-Nicalon� fiber-reinforced BSAS composite at 1100 ºC in air are presented in figure 15. The 
composite exhibited a significant effect of test rate on shear strength, regardless of orientation which was 
either in interlaminar or in in-plane region. Shear-strength degraded by about 50 percent as test rate 
decreased from 3.3×10�1 mm/s to 3.3×10�5 mm/s. The rate dependency of composite�s shear strength was 
very similar to that of ultimate tensile strength at 1100 ºC observed (ref. 32) in a similar composite (2-D 
Hi-Nicalon/BSAS) in which ultimate tensile strength decreased by about 60 percent when test rate 
changed from the highest (5 MPa/s) to the lowest (0.005 MPa/s). A phenomenological, power-law slow 
crack growth formulation has been proposed (refs. 40 and 41) to account for the rate dependency of shear 
strength of the composite.  

Results of shear strength (τf) as a function of applied shear stress rate ( τ& ) based on 
 

 s
s

f D
n

loglog
1

1
log +τ

+
=τ &   (2) 

 
with displacement rate being converted to shear stress rate are shown in figure 16. Here ns and Ds are the 
slow crack growth (SCG) parameters. The values of SCG parameters were determined as ns = 11.2 and  
Ds = 19.24 for interlaminar direction and ns = 11.4 and Ds = 33.27 for in-plane direction. It is noteworthy 
that the value of ns, a measure of susceptibility to SCG, was same in both directions. The value of SCG 
parameter ns (= 11) in shear also compares with that of n (= 7) in tension for the similar 2-D  
Hi-Nicalon/BSAS composite tested at 1100 ºC in air (ref. 32), indicating that the Hi-Nicalon/BSAS 
composites exhibit significant susceptibility to SCG in both shear and tension. In general, the patterns of 
SCG for many monolithic advanced ceramics tested at elevated temperatures are well defined in fracture 
surfaces in terms of its configuration and size. By contrast, the patterns of SCG for CMCs subjected to 
either in tension or in shear are not obvious and rather obscured by the nature of composite architecture so 
that it would be very difficult and/or a great challenge to derive a definite evidence of SCG from overall 
fracture surface examinations. Hence, the study of shear strength degradation with respect to test rate 
through constant stress-rate testing is a simple, quick and convenient way to check and quantify the 
degree of SCG in shear for CMCs at elevated temperatures. The residual glassy phase may have been a 
major cause of SCG in the Hi-Nicalon/BSAS composite under shear. Life prediction diagram (applied 
shear stress vs. time to failure) in shear for interlaminar and in-plane directions for Hi-Nicalon/BSAS 
composite (ref. 41) at 1100 ºC in air is shown in figure 17. 
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6.4 Thermo-Oxidative Stability 

 
6.4.1 Effects of high-temperature annealing in air.�Thermal-oxidative stability of Hi-Nicalon/BN/ 

SiC/BSAS composites has also been investigated (refs. 42 and 43). Unidirectional composites were 
annealed for 100 hr. in air at various temperatures. Optical photographs showing the physical appearance 
of the CMC bars before and after annealing at various temperatures are shown in figure 18. No changes in 
physical appearance were observed in samples annealed at 1000 ºC or lower. However, the specimen 
annealed at 1100 ºC was covered with a thin porous white layer that could be easily removed by polishing 
with a fine emery paper. The samples aged at 1200 ºC were deformed and developed a thick shiny white 
glaze on the exposed surfaces. Pores were present in the surface layer. Signs of partial melting and gas 
bubble formation during heat treatment were also observed. From XRD analysis, both amorphous and 
Celsian phases were detected in the surface layer. Since such a behavior was not observed (ref. 44) in 
monolithic BSAS material even after heat treatment for 20 hr. in air at 1500 ºC, it must be caused by the 
presence of Hi-Nicalon fibers and/or the BN/SiC coating. In air, BN is probably oxidized to B2O3 which 
reacts with the matrix and/or silica formed from the oxidation of silicon carbide fibers, resulting in low-
melting glassy phase which migrates to the sample surface. The bubble formation may be related to the 
oxidation of Hi-Nicalon fibers producing amorphous silica and CO and CO2 gases.  

The matrix layers on the surface of CMC specimens annealed at 1100 and 1200 ºC appear to have 
cracked and delaminated as seen in the SEM micrographs (fig. 19), taken from the polished cross-
sections. A large difference in the coefficients of thermal expansion (CTE) of Hi-Nicalon fiber  
(~3.5×10�6/ºC) and the matrix may be responsible for the observed cracking and delamination. This would 
provide an easy path for the ingression of oxygen to the fiber bundles and accelerate the degradation of 
fibers from oxidation. No such cracking or delamination was observed in samples annealed at lower 
temperatures. Higher magnification SEM micrographs from the 1200 ºC annealed specimens showed the 
presence of gas bubbles on its surface. Severe damage was also observed underneath the top debonded 
layer where damaged broken pieces of the fibers are also present.  



NASA/TM�2003-212555 17

 
 
 
 

 



NASA/TM�2003-212555 18

Table 7. Mechanical properties* of unidirectional Hi-Nicalon/BN/SiC/BSAS  
composites annealed at various temperatures for 100 hr. in air, Vf = 0.32 

Annealing 
 Temperature, 

ºC 

Density, 
g/cm3  

Weight change 
 after annealing, 

percent 

Ec, 
GPa 

σ y, 
MPa 

εy , 
percent 

σu,  
MPa 

------ 3.09 ± 0.03 -- 137 122 0.091 759 
550 3.12 -- 145 155 0.108 853 
800 3.06 -- 150 138 0.096 814 
900 3.16 -- 151 171 0.114 769 
1000 3.04 -- 146 134 0.092 819 
1100 2.90 -- 142 143 0.102 736 
1200 Deformed +0.43 -- -- -- -- 

 *Measured at room temperature in 3-point flexure 
 
 
Flexure strengths of the annealed CMC specimens were measured at room temperature in 3-point 

bending. The strain-stress curves of the CMCs annealed at various temperatures are presented in figure 20 
and the results are summarized in table 7. Up to the annealing temperature of 1100 ºC, no net change was 
observed in the weights of samples. Also, values of Young�s modulus (Ec), yield stress (σy), yield strain 
(εy), and ultimate strength (σu) did not change. However, the specimen annealed at 1200 °C, gained  
0.43 percent weight and had appreciably deformed and its strength could not be measured. 

6.4.2 Degradation mechanism at 1200 °C.�Various steps involved in the degradation of  
Hi-Nicalon/BN/ SiC/BSAS CMC on annealing in air at 1200 ºC are shown in figure 21. During annealing at 
1200 ºC, the surface matrix layer delaminates from the composite ply underneath (SEM micrograph of fig. 
19), probably due to the large CTE mismatch between the Hi-Nicalon fibers and the celsian matrix. This 
facilitates the ingression of oxygen into the composite. This causes the oxidation of SiC fibers, particularly 
those which have lost the duplex CVD coating (see fig. 10), resulting in the formation of SiO2: 

 
   SiC (s) + O2 (g) → SiO2 (s) + CO (g) + CO2 (g)  (3) 

 
The silica formed reacts with celsian resulting 

in the formation of a low melting phase. The phase 
diagram of BaO-Al2O3-SiO2 system (fig. 22)  
(ref. 45) does show the presence of a ternary phase 
with a melting point of 1122 ºC. This phase is 
richer in SiO2 but poorer in BaO and Al2O3 than 
celsian. Formation of gaseous by-products CO and 
CO2 during reaction (3) results in the evolution of 
bubbles as observed in SEM micrograph of figure 
19. On cooling, celsian crystals precipitate from 
the melt leaving behind a glassy matrix which is 
richer in SiO2 and poorer in BaO and Al2O3 than 
celsian. SEM micrograph taken from the surface 
of CMC annealed at 1200 ºC showed the presence 
of elongated crystals in glassy matrix. From 
qualitative EDS analysis, these crystals were seen 
to be celsian and the glassy matrix was richer in 
SiO2 but poorer in BaO and Al2O3 than celsian. 
The XRD analysis showed only celsian in the as-
fabricated sample whereas celsian and an 
amorphous phase were present in the 1200 ºC-
annealed CMC. Formation of a low-melting glass 
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phase has also been reported (ref. 3) in the study of BSAS environmental barrier coating (EBC) on  
Si-based ceramic substrates such as CVD SiC and SiCf/SiC composite. On heat treatment, the plasma 
sprayed BSAS coating reacted with the silica layer, formed from oxidation of the Si-based ceramic 
substrate, resulting in low melting ternary glass phase which was found to be richer in SiO2 but poorer in 
BaO and Al2O3 than celsian. 
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7. Concluding Remarks 
 
Hi-Nicalon/Celsian composites are stable up to use temperature of ~1100 ºC in oxidizing 

environments and degrade at higher temperatures due to the instability of polymer-derived fibers. The 
stability of Celsian matrix composites may be extended to higher temperatures by more uniform and 
stable interface coating(s) and by reinforcement with more advanced silicon carbide fiber (Sylramic) for 
applications as hot components (combustion liner, air foil, nozzle, etc.) in turbine engines.  
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